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ABSTRACT
Abundances of light elements in dwarf stars of different ages are important constraints
for stellar yields, Galactic chemical evolution and exoplanet chemical composition
studies. We have measured C and N abundances and 12C/13C ratios for a sample of
63 solar twins spanning a wide range in age, based on spectral synthesis of a com-
prehensive list of CH A-X and CN B-X features using HARPS spectra. The analysis
of 55 thin disc solar twins confirms the dependences of [C/Fe] and [N/Fe] on [Fe/H].
[N/Fe] is investigated as a function of [Fe/H] and age for the first time for these
stars. Our derived correlation [C/Fe]-age agrees with works for solar-type stars and
solar twins, but the [N/Fe]-age correlation does not. The relations [C,N/Fe]-[Fe/H]
and [C,N/Fe]-age for the solar twins lay under-solar. 12C/13C is found correlated with
[Fe/H] and seems to have decreased along the evolution of the local thin disc. Predic-
tions from chemical evolution models for the solar vicinity corroborate the relations
[C,N/Fe]-[Fe/H], 12C/13C-age and [N/O]-[O/H], but do not for the 12C/13C-[Fe/H]
and [C/O]-[O/H] relations. The N/O ratio in the Sun is placed at the high end of
the homogeneous distribution of solar twins, which suggests uniformity in the N-O
budget for the formation of icy planetesimals, watery super-earths and giant planets.
C and N had different nucleosynthetic origins along the thin disc evolution, as shown
by the relations of [C/N], [C/O] and [N/O] against [O/H] and age. [C/N] and [C/O]
are particularly observed increasing in time for solar twins younger than the Sun.
Key words: stars: abundance – stars: fundamental parameters – stars: solar-type –
Galaxy: evolution – Galaxy: solar neighbourhood – planets and satellites: formation
1 INTRODUCTION
A key aspect of the formation of stars and their planets re-
gards to the pristine chemical composition of their parental
cloud of gas and dust. Various connections between the
chemical composition of planet-host stars and the planet
frequency are observed and proposed such as primordial
abundance anomalies, planet engulfment events, retention
of refractory elements by rocky planets and/or core of giant
planets, and due to the formation of Jupiter analogs, which
could trap significant quantity of dust exterior to their or-
? E-mail: rafaelbuenobotelho@gmail.com (RBB)
† E-mail: andre.milone@inpe.br (ADCM)
bits preventing large amounts of refractory elements from
being accreted to the forming star (Santos et al. 2001, 2004;
Fischer & Valenti 2005; Mele´ndez et al. 2009; Ramı´rez et al.
2011; Wang & Fischer 2015; Ghezzi et al. 2018; Petigura
et al. 2018; Teske et al. 2019; Booth & Owen 2020).
The abundances of carbon, nitrogen and oxygen beyond
the ice line in a protoplanetary disc of gas/dust (or simply
nebula) are strictly related to the efficiency on the assem-
bling of planetesimals to form planetary embryos (bodies
with sizes between the Moon and Mars) and cores of giant
planets. This is because at large distances from the central
protostar, the icy planetesimals existent there due to lower
temperatures have their mutual sticking process enhanced
(Haghighipour 2013; Marboeuf et al. 2014). By developing
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a model that computes the chemical composition and the
ice-to-rock mass ratio in icy planetesimals throughout pro-
toplanetary discs of different masses, Marboeuf et al. (2014)
derived that the ice content of these bodies is mainly domi-
nated by H2O, CO, CO2, CH3OH, and NH3. Their models
predict the ice-to-rock ratio in icy planetesimals to be equal
to 1(±0.5), like observed in the Solar System’s comets, but
still 2-3 times lower than usually considered in planet forma-
tion models. Therefore, in some sense, the pristine content
of CNO in a star plays an important role for the poten-
tial planetary formation around it, and this could also be
imprinted in the chemical composition and structure of the
formed planets (and vice-versa).
The chemical evolution of the solar neighbourhood is
based on the stellar yields of all elements and other key in-
gredients, such as the star formation rate, the matter infall
from the halo, the radial gas and star flows across the disc,
the vertical gas outflows from the disc, the stellar initial
mass function, the relative rates of different kinds of su-
pernovae and the frequency of close binaries (Tinsley 1980;
Pagel 2009; Matteucci 2012). The production of C, N, O
and Fe along time, as well as of other abundant elements,
will determine the temporal evolution of their abundances
in the interstellar medium (ISM), and will be imprinted in
the composition of stars and their planets.
The CNO surface abundances in evolved stars are mod-
ified by the nuclear burning together with internal mixing
processes (Charbonnel 1994; Gratton et al. 2000; Maas et al.
2019). Therefore, dwarf stars are fundamentally indispens-
able to be observed in order to trace the CNO enrichment
in the ISM.
Whilst carbon is a primary element (i.e., it is synthe-
sized starting from H and He in the parent star), nitrogen is
considered a primary element (when produced, e.g., in low-
metallicity fast-rotating massive stars, see Meynet & Maeder
(2002a)) as well as a secondary one (when synthesized from
12C or 16O nuclei already present since the star birth). The
intermediate-mass (2-3≤M≤ 7-9 M) and massive (M≥ 7-
9 M) stars are the C and N main sources to pollute the
ISM due to their shorter lifetimes relative to low-mass stars
(M≤ 2-3 M), although 1-2 M stars may also eject some
amount of C and N through the first thermal pulse on the
asymptotic giant branch, AGB (Karakas & Lugaro 2016).
The relative contributions between intermediate-mass and
massive stars for the C and N productions are still uncer-
tain (Meynet & Maeder 2002a,b).
The carbon main isotope 12C is essentially made by the
triple-α process. The isotope 13C is residually made by dif-
ferent ways (Meynet & Maeder 2002b): (a) in the CN cycle
also named as CNO-I cycle (H burning in intermediate-mass
and massive stars), (b) in the 12C burning (low-metallicity
fast-rotating massive stars), and (c) through proton-capture
nucleosynthesis on the AGB (intermediate-mass stars with
hot bottom burning just below the convective envelope).
Nitrogen basically comes from C and/or O, becoming
its production more complex than carbon. The most abun-
dant isotope 14N is synthesized and ejected to the ISM
through distinct ways: (i) in the complete CNO-II cycle and
ejected through the thermal pulses on the AGB phase for
isolated stars only (Pettini et al. 2002); (ii) through the 12C
burning in low-metallicity fast-rotating massive stars and
ejected by their strong winds (Meynet & Maeder 2002a);
(iii) through a proton-capture reaction in the hot base of
the convective envelope and ejected during the AGB phase
of intermediate-mass stars (like 13C) (Marigo 2001; Meynet
& Maeder 2002a); and (iv) in the CN cycle from 12C and
ON cycle from 16O in stars of any mass and ejected by them.
However, the relative importance of these processes is not
very well determined.
Oxygen – an α-element – is mainly ejected to the ISM in
the pre-supernova phase of the type II supernovae core col-
lapse events (SN-II) (Chiappini et al. 2003). On the chemical
enrichment scenario of the solar neighbourhood, iron peak
elements (Fe as a template) come from a combinative pro-
duction by type Ia supernovae (SN-Ia) and SN-II. In fact,
the observed decrease of [α-element/Fe] versus [Fe/H] in the
thick and thin disc stars reflects the relative importance of
SN-Ia over SN-II along the formation history of the Galaxy’s
disc (Feltzing et al. 2003; Bensby et al. 2003; Mele´ndez et al.
2008; Alves-Brito et al. 2010; Recio-Blanco et al. 2014; Wein-
berg et al. 2019).
Explosions of classical novae in close binary systems
specifically play an important role on the production of the
rare CNO isotopes 13C, 15N and 17O (Romano et al. 2019;
Jose´ & Hernanz 2007). On the other hand, SN-Ia events eject
negligible amounts of CNO elements to the ISM.
Therefore, the ratios C/Fe, N/Fe, 12C/13C, C/N, C/O
and N/O in dwarf stars provide valuable information about
the main nucleosynthetic processes for these elements over
the evolution of the Galaxy’s disc. For instance, the rela-
tive contributions of yields of single massive stars, yields of
isolated AGB stars (low and intermediate-mass stars), SN-
II/SN-Ia ratio and close binary fraction could be understood
through robust Galactic chemical evolution (GCE) mod-
els with those observations as constraints (Chiappini et al.
2003; Kobayashi et al. 2011; Sahijpal 2013; Romano et al.
2017, 2019). Specifically, Romano et al. (2017) states that
measurements of 12C/13C in wide samples of nearby dwarfs
would be very useful for construction of representative GCE
models.
Analysing nearby solar twins provide an opportunity for
studying the chemical evolution of the local disc with time
around the solar metallicity, because they can encompass
very different ages ranging since about the formation of the
thin disc until now (Tucci Maia et al. 2016). The oppor-
tunity becomes more interesting when the solar twins have
very well-determined fundamental parameters, resulting in
precise relative ages. Bedell et al. (2018), Spina et al. (2018)
and Nissen (2015) have recently investigated how abundance
ratios [X/Fe] in solar twins are related to age and [Fe/H]. Be-
dell et al. (2018) and Nissen (2015), for instance, similarly
obtained that [C/Fe] and [O/Fe] increase with the stellar
age, but they did not include nitrogen and 12C/13C in their
studies.
We point out that nitrogen has not been derived for the
current sample of solar twins yet, albeit a first analysis of N
in 11 solar twins was performed by Mele´ndez et al. (2009).
The main reason is due to a lack of measurable atomic lines
in the optical region and also because absorption features
of molecules (e.g. CH, NH and CN) are actually spectral
blends requiring spectral synthesis. For instance, equivalent
widths of a weak atomic N I line at 7468.3 A˚ and spectral
synthesis of NH in the ultraviolet were used in the study of
solar-type stars by Ecuvillon et al. (2004). More recently, Da
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Silva et al. (2015) and Sua´rez-Andre´s et al. (2016), handling
samples of solar-type dwarfs, found that giant planet hosts
are nitrogen-rich (in the [N/H] scale) when compared with
their control samples of dwarfs without known planets. How-
ever, the increase of [N/Fe] as a function of [Fe/H] and the
negative trend of [N/Fe] with the stellar age, as observed
in both works, do not imply on any significant difference
between the two stellar groups.
In the current work we have homogeneously measured
precise abundances of carbon and nitrogen plus the carbon
main isotopic ratio 12C/13C, in a sample of well-studied
solar twins, having distances up to 100 pc and spanning a
wide range of ages since around the formation epoch of the
Galaxy’s thin disc until a few hundreds Myr ago (Bedell
et al. 2018; Spina et al. 2018; Botelho et al. 2019). The anal-
ysis of our results is focused on the distributions of a set of
CNO abundance ratios as a function of the age and metal-
licity of these solar twins in order to provide unprecedented
and self-consistent constraints for GCE modelling (e.g. Ro-
mano et al. 2017; Sahijpal 2013).
Our paper is organized as follows. In Section 2, we
present the sample of solar twins, their main parameters
and the spectroscopic data. Section 3 details the homoge-
neous chemical analysis carried out differentially to the Sun
for deriving the C abundance, the 12C/13C isotopic ratio and
the N abundance based on the spectral synthesis of molecu-
lar features of the electronic systems CH A-X, CH A-X and
CN B-X, respectively. In Section 4, we study the behaviour
of [C/Fe], [N/Fe], 12C/13C, [C/N], [C/O] and [N/O] as a
function of [Fe/H] and isochrone stellar age, and also [C/N],
[C/O] and [N/O] as a function of [O/H] (other stellar metal-
licity indicator). Finally, Section 5 summarizes our main re-
sults and conclusions.
2 SOLAR TWINS SAMPLE AND DATA
The sample is composed of 67 solar twins, stars with atmo-
spheric parameters very similar to the Sun, within around
±100 K in Teff and ±0.1 dex in log g and [Fe/H] (Ramı´rez
et al. 2009), studied previously by Bedell et al. (2018),
Spina et al. (2018) and Botelho et al. (2019). The atmo-
spheric parameters are those by Spina et al. (2018). The
typical errors in Teff , log g and [Fe/H] are 4 K, 0.012,
0.004 dex, respectively, using line-by-line differential spec-
troscopic analysis relative to the Sun by means of equiva-
lent width (EW) measurements of Fe I and Fe II. We also
adopted the isochronal ages and masses derived by Spina
et al. (2018), who employed the q2 code by applying the
isochrone method with the use of the Yonsei-Yale isochrones
(as described in Ramı´rez et al. (2014a,b)). This sample spans
a wide range in age, i.e. from 500 Myr up to 8.6 Gyr with a
typical error of 0.4 Gyr, which gives us a good understanding
of the evolution of the Galactic disc. We considered the ele-
mental abundances from Spina et al. (2018), which analysed
12 neutron-capture elements (Sr, Y, Zr, Ba, La, Ce, Pr, Nd,
Sm, Eu, Gd, and Dy), and the abundances of 17 additional
elements (C, O, Na, Mg, Al, Si, S, Ca, Sc, Ti, V, Cr, Mn,
Co, Ni, Cu and Zn) from Bedell et al. (2018). The elemental
abundances in both works were also measured based on a
line-by-line analysis relative to the Sun.
We have adopted the line-of-sight rotational velocity
V. sin(i) and macro-turbulence velocity Vmacro given in Dos
Santos et al. (2016) to reproduce the line broadening of our
sample of solar twin stars.
The spectra were obtained with the HARPS spectro-
graph (High Accuracy Radial velocity Planet Searcher) on
the 3.6m telescope of the ESO (European Southern Obser-
vatory) La Silla Observatory in Chile (Mayor et al. 2003).
The HARPS spectra cover λλ3780-6910 A˚ with a resolving
power (R = 115,000). Stacking all HARPS spectra of each
star resulted in a very high signal-to-noise ratio (SNR) of ap-
proximately 800 per pixel as measured around 6000 A˚, with a
minimum of 300 per pixel and a maximum of 1800 per pixel.
The solar spectrum used in this work is a combination of sev-
eral exposures of sunlight reflected from the asteroid Vesta,
also observed with HARPS. Table 1 shows the photospheric
parameters, broadening velocities, isochrone age and oxygen
abundance of the solar twins sample.
3 DETERMINATION OF C, N AND 12C/13C
The uniform determination of the C abundance was per-
formed from a set of selected absorption lines of the molecu-
lar electronic system A2∆-X2Π of 12CH (hereafter CH A-X,
Jorgensen et al. (1996)) and the N abundance from a set
of selected lines of the molecular electronic system A2Σ−-
X2Π of 12C14N (the CN Violet System, hereafter CN B-X,
Brooke et al. (2014)). The homogeneous determination of
the 12C/13C isotopic ratio was obtained by using features
from the CH A-X system too (12CH A-X lines mixed with
13CH A-X lines). We used the C abundance for deriving the
N abundance (in the analysis of CN B-X lines), and for ex-
tracting the 12C/13C ratio. Although Bedell et al. (2018)
have already determined the C abundance for this same solar
twin sample, it was necessary to proceed with a new deter-
mination in order to make a homogeneous chemical analysis,
because Bedell et al. (2018) used equivalent widths of atomic
and molecular lines to derive the carbon abundance (C I and
CH A-X), and in the current work we adopt the spectral syn-
thesis technique for mensurable and almost isolated lines of
CH A-X that were carefully selected based on their sensitiv-
ity to the C abundance variation. We used the same stellar
parameters and model atmosphere grid (ATLAS9 by Castelli
& Kurucz (2004)), as presented in Spina et al. (2018). We
also adopted the same version of the MOOG code, 2014
(Sneden 2014) that solves the photospheric radiative trans-
fer with line formation under the LTE (local thermody-
namic equilibrium) approximation. The non-LTE analysis
of molecular spectral lines is an unexplored territory in the
literature, but those effects are probably more important
in stars with extended atmospheres (Lambert et al. 2013),
rather than in our sample of dwarf stars.
Throughout our differential analysis, we have also
adopted the standard parameters for the Sun: Teff = 5777 K,
log g= 4.44, [Fe/H] = 0.00 dex, and ξ= 1.00 km.s−1 (e.g. Cox
& Pilachowski 2000). The adopted solar chemical composi-
tion is that by Asplund et al. (2009). The abundance of
oxygen, as derived by Bedell et al. (2018) for the same solar
twins sample, is taken into account along the whole spec-
tral synthesis procedure for determining the abundances of
C and N and the isotopic ratio 12C/13C, since the molecular
dissociative equilibrium is solved by the MOOG code.
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Table 1. Parameters of the 67 solar twins collected from previous published works: photospheric parameters and isochrone age by Spina
et al. (2018), macro-turbulence and rotation velocities by Dos Santos et al. (2016), and oxygen abundance by Bedell et al. (2018). The
Sun parameters are added in the first row. Full table online.
Star ID Teff log g [Fe/H] ξ Vmacro V.sin(i) age [O/H]
(K) (dex) (km.s−1) (km.s−1) (km.s−1) (Gyr) (dex)
Sun 5777 4.440 0.000 1.00 3.20 2.04 4.56 0.00
HIP 003203 5868±9 4.540±0.016 -0.050±0.007 1.16±0.02 3.27 3.82 0.50±0.30 -0.139±0.021
HIP 004909 5861±7 4.500±0.016 0.048±0.006 1.11±0.01 3.33 4.01 0.60±0.40 -0.038±0.017
HIP 006407 5775±7 4.505±0.013 -0.058±0.006 0.98±0.01 2.96 2.30 1.90±0.70 -0.110±0.013
HIP 007585 5822±3 4.445±0.008 0.083±0.003 1.01±0.01 3.37 1.90 3.50±0.40 0.054±0.005
– – – – – – – – –
HIP 118115 5798±4 4.275±0.011 -0.036±0.003 1.10±0.01 3.55 0.89 8.00±0.30 -0.088±0.010
The atomic line list has been compiled from the VALD
database (Ryabchikova et al. 2015), and we have added the
following molecular lines from the Kurucz database (Kurucz
2018): 12C1H and 13C1H lines of the A-X system (Jorgensen
et al. 1996), 12C1H and 13C1H lines of the B-X system (Jor-
gensen et al. 1996), 12C12C, 12C13C and 13C13C lines of
the d-a system (Brooke et al. 2014), 12C14N, 12C15N and
13C14N lines of the B-X system (Brooke et al. 2014), and
14N1H and 15N1H lines of the A-X system (Kurucz 2017).
We have verified the impact of the variation of 12C/13C and
14N/15N, respectively, on the selected CH A-X and CN B-X
lines, and we found that those molecular lines are insensi-
tive to change in these isotopic ratios (the difference in the
resulting abundance is always smaller than the abundance
error). The adopted dissociative energies of CH, C2, CN and
NH are those by Barklem & Collet (2016).
The first step for our differential chemical analysis rel-
ative to the Sun was the selection of (almost) isolated lines
of CH A-X, CN B-X and features of 13CH A-X (13CH-12CH
partially mixed lines). To help us on this search, we adopted
the solar atlas of Wallace et al. (2011), which identifies var-
ious molecular and atomic lines. We could find, then, the
best candidates of CH A-X and CN B-X non-perturbed lines.
This atlas also allowed us to identify continuum points (or
pseudo-continuum in some cases) for a better flux normal-
ization between observed spectrum and model spectra. After
this step, a detailed investigation is made via spectral syn-
thesis to address the individual contributions of all species
in the region. Finally, a global gf calibration is made to
finely reproduce the HARPS observed solar spectrum over
each selected molecular absorption. An automated Python
code adjusts the gf -value under a line-by-line approach for
each selected region. We obtained [X/Fe] near to zero (ab-
solute value always smaller than or equal to 0.005 dex) for
the calibration relative to the Sun for the derived abun-
dances of C and N in all selected lines, and 12C/13C be-
tween 87.3 and 90.7 for the resulting isotopic ratio in all
selected features (see Fig. 1, Fig. 2 and Fig. 3 in the fol-
lowing sub-sections, in which we show examples). The next
step was to search for continuum points and adequate χ2
windows for every molecular line/feature, including an in-
spection of the effective sensitivity to the variation of the
measured parameter (C, N or 12C/13C). We employ the
same procedure to extract the elemental abundance based
on the χ2 minimization, as applied in (Botelho et al. 2019).
The minimizing of χ2 is only computed in a window around
the central wavelength of the line/feature, directly provid-
ing the best abundance or isotopic ratio among the syn-
thetic spectra generated for different values of abundance
or isotopic ratio; χ2 =
∑n
i= 1(Oi − Si)2/σ(Oi)2, where Oi
and Si are the flux of the observed and synthetic spectrum,
respectively, σ(Oi) is the error in the observed flux, and
i represent the wavelength point. The observed flux error
is estimated as a function of the continuum SNR, that is
σ(Oi) = Oi/SNRcontinuum. The χ
2 of every spectral syn-
thesis fit is plotted as a function of [X/Fe] for deriving the C
and N abundances, and versus 12C/13C ratio for obtaining
this isotopic ratio. An automated procedure has been used
for performing the spectral synthesis fit in order to measure
a final representative abundance or isotopic ratio.
Even though the spectral synthesis has been applied au-
tomatically for each molecular line/feature (CH A-X, CN B-
X and 13CH A-X), we have performed a general visual in-
spection of all spectral synthesis fits. The stars HIP 010303,
HIP 030037, HIP 038072 and HIP 083276 were eliminated
from our measurements, because their spectral fits for all
CH A-X selected lines were unreliable, not providing a rep-
resentative abundance of C, and therefore becoming impos-
sible to derive N and 12C/13C. Perhaps there is a problem
with the data reduction in that region for those stars, as
the computed χ2 are very high in comparison with the χ2
distribution of the other stars.
In summary, we were able to measure C, 12C/13C and
N in 63 solar twins from high-resolution high-quality spectra
through a self-consistent and homogenous procedure.
3.1 Carbon and nitrogen abundances
In order to derive the carbon abundance, eleven lines of the
(0,0) vibrational band and one of the (1,0) vibrational band
of the CH A-X system were selected in the spectral range
λλ4211-4387 A˚. Table 2 shows the twelve CH A-X lines. For
obtaining the nitrogen abundance, we selected five CN B-X
lines in 4180-4212 A˚, from the bands (0,0), (1,0) and (2,0),
respectively 2, 2 and 1 line. The five CN B-X lines are shown
in Table 3. We have also verified that the selected lines of
12CH A-X and 12C14N B-X are insensitive to the variation of
the main isotopic ratios of C and N (12C/13C and 14N/15N).
Table 4 and Table 5, respectively, present the line list of
2 A˚ wide centered at the central wavelength of the selected
CH A-X and CN B-X lines, whose gf values have been cali-
brated to the solar spectrum.
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Table 2. The comprehensive list of CH A-X lines used in this work for determining the C abundance in solar twin stars. The line
identification (first column) adopts the short molecule notation and the wavelength of the main molecular electronic transition as a
whole number in Angstroms. The central wavelength of the spectral absorption, assuming a Gaussian profile, is presented in the second
column. The spectral range in which the χ2 is computed and the correspondent number of pixels are shown in the third and fourth
columns, respectively. The blue and red continuum intervals are presented in sequence, and, finally, the vibrational band and the number
of blended lines to form the molecular absorption are shown in the last columns. Two CH A-X lines represent double absorptions, i.e.
two absorptions side by side (CH4248 and CH4278).
line λcentral χ
2 window n. pixels blue continuum red continuum band n. lines
(A˚) (A˚) (A˚) (A˚) (v′, v′′)
CH4210 4210.96 4210.83-4211.10 27 4207.54-4207.60 4211.55-4211.62 (0,0) 3
CH4212 4212.65 4212.54-4212.76 22 4211.56-4211.62 4212.94-4213.00 (0,0) 3
CH4216 4216.60 4216.50-4216.70 20 4214.10-4214.16 4218.53-4218.59 (1,0) 3
CH4217 4217.23 4217.11-4217.35 24 4214.10-4214.16 4218.53-4218.59 (0,0) 3
CH4218 4218.71 4218.61-4218.81 20 4217.90-4217.96 4218.93-4218.99 (0,0) 3
CH4248 4248.72 4248.64-4249.01 37 4246.26-4246.33 4251.50-4251.57 (0,0) 2
4248.94 1
CH4255 4255.25 4255.14-4255.36 22 4253.40-4253.46 4256.67-4256.73 (0,0) 2
CH4278 4278.85 4278.77-4279.14 37 4278.55-4279.59 4281.66-4281.70 (0,0) 2
4279.06 1
CH4281 4281.96 4281.84-4282.08 24 4281.66-4281.70 4283.48-4283.54 (0,0) 3
CH4288 4288.73 4288.62-4288.87 25 4287.20-4287.28 4290.55-4290.60 (0,0) 4
CH4378 4378.25 4378.13-4378.37 24 4377.62-4377.68 4379.86-4379.93 (0,0) 3
CH4387 4387.06 4386.94-4387.16 22 4385.50-4385.58 4392.38-4392.45 (0,0) 3
Table 3. The comprehensive list of CN B-X lines used in this work for determining the N abundance in solar twin stars. The same
notation and layout of Tab. 2 are adopted.
line λcentral χ
2 window n. pixels blue continuum red continuum band n. lines
(A˚) (A˚) (A˚) (A˚) (v′, v′′)
CN4180 4180.02 4179.95-4180.08 13 4179.06-4179.12 4181.01-4181.06 (2,0) 3
CN4192 4192.94 4192.84-4193.03 19 4192.72-4192.78 4195.77-4195.85 (1,0) 3
CN4193 4193.40 4193.33-4193.45 14 4192.72-4192.78 4195.77-4195.85 (1,0) 3
CN4195 4195.95 4195.87-4196.01 14 4195.77-4195.85 4203.26-4203.32 (0,0) 3
CN4212 4212.25 4212.15-4212.34 19 4211.56-4211.63 4212.92-4212.98 (0,0) 6
For performing the spectral synthesis fit of every se-
lected line of CH A-X and CN B-X, seven synthetic spectra
are computed with uniform step of 0.10 dex in [X/Fe] (X: C
and N respectively) that are resampled in wavelength to that
sampling of the observed spectrum. After that, the contin-
uum level of the observed spectrum needs to be fitted to the
continuum level of each synthetic spectrum; the continuum
correction is multiplicative and derived by using both blue
and red continuum ranges (see Tab. 2 and Tab. 3). For deriv-
ing the resulting elemental abundance from each molecular
line, the χ2 between the model and observed spectra is com-
puted in the line window. The χ2 window covers from 20 up
to 37 pixels for the CH A-X lines and from 13 up to 19 pixels
for the CN B-X lines. The C abundance is derived first (as a
simple mean) and then the N abundance is obtained (simple
average too), after fixing the C abundance. Both C and N
abundances were used to measure of the 12C/13C isotopic
ratio, making the overall chemical analysis self-consistent.
Figure 1 and Figure 2 are examples of spectral synthesis
calibration to the solar spectrum, from which the C and N
measurements are derived from, respectively, a CH A-X line
and a CN B-X line, showing diagnostic plots for the individ-
ual contributions from different species in the line profile and
for the spectral synthesis itself as well as the graph of χ2 as
a function of [X/Fe], whose minimum directly provides the
resulting elemental abundance. None resulting abundance
from every CH A-X and CN B-X line was excluded by a 3σ
clipping criterium.
The χ2 minimization procedure directly provides a good
estimation for the error in [X/Fe]. The abundance error is
derived when χ2 increases by ν degrees of freedom from the
minimum χ2 value along the polynomial fitting curve χ2 ver-
sus [X/Fe], such that ν is the number of pixels in the χ2 win-
dow less a single free parameter (the elemental abundance
itself). The uncertainties in abundance due to the photo-
spheric parameter errors plus the impact of the continuum
level adjustment, considering the influence of the flux noise,
have been added in quadrature to that error from the spec-
tral synthesis itself (χ2 estimation). For estimating the final
error in the N abundance, the whole carbon abundance er-
ror is also taken into account. We have also estimated the
impact of the oxygen abundance error in the abundances
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Figure 1. Example of spectral synthesis calibration to the Sun of a CH A-X line (CH4210), showing the individual contributions from
different species in the line profile (bottom panel), spectral comparisons between the observed spectrum and seven synthetic spectra
(top-left panel), and the χ2 graph as a function of [X/Fe] (top-right panel).
of carbon of nitrogen, and we found that the influence is
negligible (i.e. the difference in the resulting abundance is
always smaller than 1 milidex). The error in [X/H] is com-
puted in quadrature with the error in [Fe/H]. The global
error in [X/Fe] derived from each molecular line is roughly
dependent on the local SNR (measured in the spectral region
of the molecular lines). The SNR changes from 250 per pixel
up to 600 per pixel for the CH A-X line regions, and from
200 per pixel up to 500 per pixel for the CN B-X line regions.
Concerning the C abundance derivation by Bedell et al.
(2018) for the same solar twins sample, we have found a
systematic difference in the [C/H] scale of about -0.04 dex
between our determinations and their average [C/H] abun-
dance ratios based on EW measurements from C I and CH A-
X lines. However, this small discrepancy is lower than the
data dispersion (e.g. a standard lsq linear fit provides a rms
of 0.08 dex).
The final abundances in C and N ([X/Fe] scale) for the
63 analyzed solar twins are computed as simple averages
of the measured abundances from the selected individual
molecular lines. The errors in the final [C/Fe] and [N/Fe] are
estimated as simple means of their individual values. The er-
ror in [C/Fe] varies from 0.004 up to 0.011 dex with an aver-
age value around 0.006 dex (the error in [C/H] changes from
0.004 up to 0.013 dex). The error in [N/Fe] varies from 0.015
up to 0.057 dex, whose average value lies around 0.030 dex
(the error in [N/H] changes from 0.016 up to 0.057 dex).
3.2 12C/13C isotopic ratio
In order to self-consistently derive the 12C/13C isotopic ra-
tio, our previous measurements of the C and N concen-
trations were adopted. We found six 13CH-12CH A-X fea-
tures around the G band of CH at λ4300 A˚ (all containing
lines of the (0,0) vibrational band of the CH A-X system)
that are sensitive to the variation of the 12C/13C ratio. Ta-
ble 6 shows these CH A-X selected features (in fact, 13CH A-
X lines mixed with 12CH A-X lines). Table 7 presents the
line list covering 2 A˚ centered at the central wavelength of
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Figure 2. Example of spectral synthesis calibration to the Sun of a CN B-X line (CN4180). The same plots of Fig. 1 are adopted.
Table 4. Line lists for the CH A-X line regions after the gf cali-
bration to the solar spectrum: wavelength, species code, excitation
potential of transition lower level, gf and species identification.
The species code is the MOOG standard notation, i.e. atomic
number(s) before the decimal point (listed in crescent order for
molecules) followed by the ionization level immediately after the
decimal point (0: neutral, 1: first ionized, and so on). Each list
covers a region of 2 A˚ centered in a given CH A-X line. The first
list is for the CH4210 line. Full tables for all twelve CH A-X lines
are online.
CH4210
wavelength species code χe gf species
(A˚) (eV)
4209.9650 606.0 1.559 0.316E-03 C2
4209.9710 607.0 0.258 0.135E-05 CN
4209.9760 607.0 2.348 0.682E-04 CN
4209.9760 607.0 0.998 0.941E-05 CN
4209.9870 607.0 4.001 0.289E-03 CN
— — — — —
4211.9670 606.0 1.574 0.257E+02 C2
Table 5. Line lists for the CN B-X line regions after the gf
calibration to the solar spectrum. The same notation of Tab. 4
is adopted. Each list covers a region of 2 A˚ centered in a given
CN B-X line. The first list is for the CN4180 line. Full tables for
all five CN B-X lines are online.
CN4180
wavelength species code χe gf species
(A˚) (eV)
4179.0220 607.0 3.822 0.226E-02 CN
4179.0270 606.0 1.515 0.211E-09 C2
4179.0360 24.0 3.849 0.486E-03 Cr I
4179.0380 107.0 1.139 0.110E-06 NH
4179.0390 607.0 3.518 0.211E-02 CN
— — — — —
4181.0140 606.0 1.538 0.469E-08 C2
the 13CH-12CH A-X selected features, whose gf values have
been calibrated to the solar spectrum.
Analogously to the measurements of the C and N abun-
dances, seven synthetic spectra are computed to derive the
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Table 6. The comprehensive list of 13CH-12CH A-X features used in this work for determining the 12C/13C isotopic ratio in solar twin
stars. The same notation and layout of Tab. 2 are adopted.
feature λcentral χ
2 window n. pixels blue continuum red continuum band n. lines
(A˚) (A˚) (A˚) (A˚) (v′, v′′)
13CH4297 4297.10 4297.03-4297.17 14 4292.83-4292.88 4304.93-4305.01 (1,0) 6
13CH4298 4298.14 4298.08-4298.21 13 4292.83-4292.88 4304.93-4305.01 (1,0) 3
13CH4299A 4299.42 4299.34-4299.51 17 4292.83-4292.88 4304.93-4305.01 (1,0) 7
13CH4299B 4299.74 4299.65-4299.83 18 4292.83-4292.88 4304.93-4305.01 (1,0) 8
13CH4300 4300.67 4300.58-4300.76 18 4292.83-4292.88 4304.93-4305.01 (1,0) 5
13CH4303 4303.32 4303.24-4303.40 16 4292.83-4292.88 4304.93-4305.01 (1,0) 3
Table 7. Line lists for the 13CH-12CH A-X feature regions af-
ter the gf calibration to the solar spectrum. The same notation
of Tab. 4 is adopted, also including the mass numbers of atoms
(listed in crescent order) in the species code in the case of molec-
ular lines, but excluding the species identification (last column in
the previous tables). Each list covers a region of 2 A˚ centered in a
given 13CH-12CH A-X feature. The first list is for the 13CH4297
feature. Full tables for all six 13CH-12CH A-X features are online.
13CH4297
wavelength species code χe gf
(A˚) (eV)
4296.1010 606.01313 2.145 0.731E-01
4296.1030 606.01313 1.329 0.637E-01
4296.1060 606.01213 2.043 0.111E-01
4296.1060 607.01314 2.349 0.302E-04
4296.1080 106.00112 1.247 0.550E-02
— — — —
4298.1000 607.01214 0.566 0.259E-03
12C/13C isotopic ratio assuming a uniform step of 15 in
this free parameter. The model spectra are resampled in
wavelength to the sampling of the observed spectrum. The
observed continuum level is also individually fitted to the
continuum level of each synthetic spectrum (see Tab. 6).
For deriving the resulting isotopic ratio from each 13CH-
12CH A-X selected feature, the χ2 between the model and
observed spectra is also computed along the feature win-
dow (covering from 13 up to 18 pixels). Both C and N
abundances were used to measure of the 12C/13C isotopic
ratio, making the overall chemical analysis self-consistent.
Along the procedure of spectral synthesis, whilst the iso-
topic ratio 14N/15N is fixed to the solar value, the ratio
12C/13C to be measured starts from the solar value. We
have adopted the values suggested by Asplund et al. (2009)
for the Sun (14C/15C = 89.4± 0.2 and 14N/15N = 435± 57).
Figure 3 is an example of spectral synthesis calibration to
the solar spectrum, from which 12C/13C is derived by using
a 13CH-12CH A-X selected feature. This figure shows diag-
nostic plots for the individual contributions from different
species in the line profile and for the spectral synthesis it-
self as well as the graph of χ2 versus 12C/13C, in which the
isotopic ratio is recovered from the χ2 minimum value.
By adopting the 3σ clipping criterium over the mea-
surements of the resulting 12C/13C isotopic ratios for every
sample star, four 13CH-12CH A-X features have been used
for 7 stars, five features for other 7 stars, and all of them
have been useful for the 49 remaining stars.
The estimation of the error in 12C/13C is similar to that
performed for the C and N abundances, i.e. the χ2 minimiza-
tion approach objectively gives the error due to the spectral
synthesis procedure itself. The basic error in 12C/13C is es-
timated from the variation of χ2 in (ν - 1) unities along the
polynomial fitting curve χ2-12C/13C, where ν is the num-
ber of pixels in the χ2 window. The error due to the spec-
tral synthesis is added in quadrature with the propagated
photospheric parameter errors, the uncertainties in the C
abundance and the errors from the impact of the contin-
uum level adjustment. We have also estimated the impact
of the error in the oxygen abundance over the error of the
isotopic ratio, and we found that the influence is negligible.
We have verified that the global error in 12C/13C derived
from each molecular feature is roughly dependent on the lo-
cal SNR (measured in the correspondent spectral regions).
The SNR changes from 170 per pixel up to 400 per pixel for
the 13CH-12CH A-X feature regions.
Like the C and N abundances, the final 12C/13C iso-
topic ratios for the 63 analyzed solar twins are computed
as simple averages of the individual measurements from the
13CH-12CH A-X features, and their errors as simple means
of the individual errors. The error in 12C/13C varies from
1.9 up to 10.5, having 4.3 as an average value.
4 ANALYSIS OF THE RESULTS
We have measured C, 12C/13C and N in 63 solar twins
from HARPS high-resolution high-quality spectra through
a self-consistent, homogeneous and automated procedure.
Seven old α-enhanced solar twins (HIP 014501, HIP 028066,
HIP 030476, HIP 065708, HIP 073241, HIP 074432 and
HIP 115577) and the single solar twin anomalously rich in
s-process elements HIP 064150 were excluded from the fur-
ther analysis, in order to be consistent with the analyses
carried out by Bedell et al. (2018) and Spina et al. (2018)
on other elements for the same solar twins sample, repre-
senting a Galaxy’s homogeneous population (i.e. the local
thin disc (Ramı´rez et al. 2012)). Therefore, the remaining
55 thin disc solar twins are investigated for studying corre-
lations of [C/Fe], [N/Fe], 12C/13C, [C/N], [C/O] and [N/O]
with [Fe/H] and age, as well as [C/N], [C/O] and [N/O]
versus [O/H].
The nearby α-enhanced stars are in average older than
the ordinary thin disc stars (Adibekyan et al. 2011; Haywood
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Figure 3. Example of spectral synthesis calibration to the Sun of a 13CH-12CH A-X selected feature (13CH4300). The same plots of
Fig. 1 are adopted, except in the top-right panel, which shows χ2 as a function of 12C/13C instead.
et al. 2013). The α-rich stars, which have [<α/Fe>] higher in
about 0.1 dex, are split into two Galaxy’s disc different stel-
lar populations, carrying on two distinct dynamical histories,
in contrast with the local thin disc stars. Whilst the metal-
poor α-rich stars actually belong to the thick disc based on
their kinematics and orbital parameters, the metal-rich α-
rich stars exhibit nearly circular orbits close to the Galactic
plane (similarly to the thin disc stars). Those seven old α-
enhanced solar twins could be either thick disc ’metal-rich’
stars (Bedell et al. 2018) or might have likely come from
inner disc regions, as speculated by Adibekyan et al. (2011)
for the metal-rich α-rich stars.
The determination of the C abundance, N abundance
and 12C/13C ratio reached, respectively, 100, 100 and
80 per cent of completeness in terms of all selected molec-
ular lines under the 3σ-clipping criterium. Table 8 compiles
our measurements for the 63 solar twins. Figure 4 shows the
distributions of [C/H], [N/H] and 12C/13C among 55 thin
disc solar twins.
Regarding the 55 thin disc solar twins, [C/Fe] changes
from -0.129 up to 0.042 dex and [C/H] from -0.207 up
to 0.080 dex. Their average values, respectively, are about
-0.040 dex (σ= 0.033 dex), and -0.042 dex (σ= 0.070 dex).
The mean errors of [C/Fe] and [C/H] are, respectively,
0.006 and 0.007 dex; their respective variations are: 0.004-
0.011 dex and 0.004-0.013 dex. [N/Fe] changes from -0.313
up to 0.023 dex and [N/H] from -0.310 up to 0.087 dex.
Their average values, respectively, are about -0.094 dex
(σ= 0.075 dex), and -0.096 dex (σ= 0.108 dex). The aver-
age errors in [N/Fe] and [N/H] are the same, i.e. around
0.030 dex. The standard deviations of the [N/Fe] and [N/H]
errors are, respectively, 0.016 and 0.057 dex.
Also regarding the 55 thin disc solar twins, the isotopic
ratio 12C/13C varies from 70.9 up to 101.1, presenting an
average value around 85.8 (σ= 6.2). The error in 12C/13C
varies from 1.9 up to 10.5, having 4.3 as an average value
(like for all 63 solar twins).
We have investigated [C/Fe], [N/Fe], 12C/13C, [C/N],
[C/O] and [N/O] as a function of [Fe/H] and isochrone stel-
lar age, and also [C/N], [C/O] and [N/O] as a function of
[O/H]. Only 12C/13C is analysed as a function of [C/Fe]
and [N/Fe]. We adopt linear dependence for all relations,
MNRAS 000, 1–20 (2020)
10 R. B. Botelho et al.
-0.40 -0.30 -0.20 -0.10 0.00 0.10
[C/H] (dex)
0
2
4
6
8
10
12
14
N.
 st
ar
s
-0.40 -0.30 -0.20 -0.10 0.00 0.10
[N/H] (dex)
0
2
4
6
8
10
12
14
N.
 st
ar
s
70 75 80 85 90 95 100
12C/13C
0
2
4
6
8
10
12
14
N.
 st
ar
s
Figure 4. Distributions of [C/H], [N/H] and 12C/13C among
the 55 thin disc solar twins.
based on those 55 thin disc solar twins, whose results are
discussed in the following subsections. We have used the
Kapteyn kmpfit package1 to do all fits to the data. The
KMPFIT code performs a robust linear fit y versus x, which
minimizes the orthogonal distance of the overall data points
to the fitting curve, taking into account the errors in both
variables x and y under a variance weighting approach. The
Sun data are not included in all linear fits. Table 10 com-
piles the results of all computed linear fits for [C/Fe], [N/Fe],
12C/13C, [C/N], [C/O] and [N/O] as a function of [Fe/H] and
age; Table 9 for 12C/13C as a function of [C/Fe] and [N/Fe];
and Table 11 for [C/N], [C/O] and [N/O] as a function of
[O/H].
1 https://www.astro.rug.nl/software/kapteyn/index.html
4.1 [C/Fe] and [N/Fe] versus [Fe/H] and age
Concerning the relations between [C,N/Fe] and [Fe/H] in
the small range of metallicity of solar twins (Fig. 5), we have
found that: (i) [C/Fe] is anti-correlated with [Fe/H] with a
slope of -0.056±0.012 (the relative error of the negative slope
is about 21 per cent); and (ii) there is a tentative correlation
between [N/Fe] and [Fe/H] (slope relative error of 35 per cent
or just 2.8σ of significance).
The Sun seems slightly above, when compared against
the fits of [C/Fe] and [N/Fe] versus [Fe/H] of the solar twins
(within about 1 rms of deviation in average from the linear
relations). This result is expected indeed, because Mele´ndez
et al. (2009) found, as confirmed afterwards by other works
(Ramı´rez et al. 2009, 2010; Nissen 2015; Bedell et al. 2018),
that the Sun is slightly deficient in refractory elements rela-
tive to volatile ones in comparison with most of solar twins.
Being C and N volatile elements and Fe a refractory element,
thus the Sun is slightly enhanced in C and N relative to Fe.
The 50 per cent equilibrium condensation temperatures of C,
N, O and Fe, for the solar nebula and the Solar System com-
position taking into account the total pressure at 1 AU, are
respectively 40, 123, 180 and 1334 K (Lodders 2003).
We can see relatively good agreements by comparing
our derived relations [C/Fe]-[Fe/H] and [N/Fe]-[Fe/H] with
those by Da Silva et al. (2015) done over a more extended
range in [Fe/H] than solar twins, for a sample of 120 thin
disc FGK dwarfs. Restricting the results from Da Silva et al.
(2015) to the small metallicity range of solar twins, there
would be a negative trend between [C/Fe] and [Fe/H] and
no trend between [N/Fe] and [Fe/H], with the Sun data
also slightly above the overall data set. Unfortunately, Da
Silva et al. (2015) did not publish the slopes for the anti-
correlation and correlation [C/Fe] vs. [Fe/H] found respec-
tively for stars with [Fe/H] below and above zero, neither
for the positive correlation [N/Fe] vs. [Fe/H] found along
the [Fe/H] whole range. Sua´rez-Andre´s et al. (2017) re-
cently presented linear fits between [C/Fe] and [Fe/H] for
a huge sample of 1110 solar-type stars. They also derived
[C/Fe]-[Fe/H] fits for stars with [Fe/H] below and above
the solar value. We cannot do the same unfortunately, be-
cause the [Fe/H] amplitude of our solar twins sample is
much smaller. On the other hand, we are able to split our
sample in terms of stellar age due to a wide coverage in
this parameter (see the following paragraphs and last sub-
section in the case of the carbon abundance ratios). The
Sua´rez-Andre´s et al. (2017)’s sample was split into two
groups of stars with planets of different masses and a large
comparison sample of stars without detected planets. Ad-
ditionally, they performed linear fits between [C/H] and
[Fe/H] for these subsamples over the whole wide metallic-
ity range (-1.4≤ [Fe/H]≤+0.6 dex). For the stellar sample
without planets, Sua´rez-Andre´s et al. (2017) found a slope
of +0.970±0.008 that agrees within 1σ with the slope de-
rived by us for this relation (+0.989±0.015). Note that the
solar twins sample of the current work has only two known
planet-host stars so far. On the other hand, Nissen (2015)
studied the chemical content of a sample of 21 solar twins
like us (just 3 of them holding known planets). However,
Nissen (2015) did not provide any fit for the [C/Fe]-[Fe/H]
relation. By inspecting the results for carbon, there seems to
be a negative trend between [C/Fe] and [Fe/H], as derived
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Table 8. Carbon and nitrogen abundances and 12C/13C ratio measured in this work relatively to the Sun for 63 solar twins. The Sun
data are included in the first row. Full table online.
Star ID [C/H] [C/Fe] [N/H] [N/Fe] 12C/13C
(dex) (dex) (dex) (dex)
Sun 0.002±0.001 0.002±0.001 0.002±0.018 0.002±0.018 88.7±0.5
HIP 003203 -0.129±0.012 -0.079±0.010 -0.301±0.056 -0.251±0.056 84.9±9.8
HIP 004909 -0.018±0.011 -0.066±0.009 -0.122±0.042 -0.170±0.042 89.3±8.5
HIP 006407 -0.092±0.012 -0.034±0.010 -0.180±0.045 -0.122±0.045 87.9±7.5
HIP 007585 0.040±0.006 -0.043±0.005 -0.035±0.024 -0.118±0.024 87.0±3.2
– – – – – –
HIP 118115 -0.054±0.007 -0.018±0.006 -0.196±0.030 -0.160±0.030 85.1±4.0
by us for a larger solar twins sample. Sua´rez-Andre´s et al.
(2016) obtained, for a restricted sample of 32 solar-type stars
without known planets, no correlation between [N/Fe] and
[Fe/H] in the range -0.45≤ [Fe/H]≤+0.55 dex (the slope
that they found has a large error, i.e. +0.040±0.070). The
whole sample of Sua´rez-Andre´s et al. (2016) has 74 stars,
42 of which holding detected planets until the publication
date. The slope for the tentative correlation [N/Fe]-[Fe/H]
derived by us for solar twins also agrees within 1σ with the
result from Sua´rez-Andre´s et al. (2016).
The linear fits of [C,N/Fe] as a function of the
isochrone stellar age over the wide range of ages of our
solar twins sample (Fig. 5) provide the following results:
(i) [C/Fe] is positively well correlated with the stellar
age (slope of +0.013±0.001 dex.Gyr−1 with a relative er-
ror of 8 per cent, i.e. 13σ of significance); and (ii) [N/Fe]
is also positively well correlated with the stellar age (slope
of +0.013±0.002 dex.Gyr−1 with a relative error of about
15 per cent). The Sun again seems slightly above, when com-
pared with the derived fits of both [C/Fe] and [N/Fe] versus
age of the solar twins (1.2 rms of deviation in average from
the linear relations), confirming the Sun is slightly deficient
in refractory elements relative to volatile ones in comparison
with solar twins (Mele´ndez et al. 2009; Nissen 2015; Bedell
et al. 2018).
The analysis of the abundance ratios as a function of
the stellar age is extended with linear fits that fix a break
point at the Sun’s age, whose value is very well stablished
(the fit results are added in Tab. 10). The sample of 55 thin
disc solar twins is split into stars with ages up to the Sun’s
age (23 “young” solar twins) and stars with ages greater
than the solar age (32 “old” solar twins). Analogously to
the global single linear fits, the alternative broken linear fits
(applied with the Python.Scipy ODR function) perform the
minimization of the orthogonal distances of the data points
to the fitting function taking into account the errors in both
variables. By fixing the abscissa of the break point, the fit-
ting computation is simplified (four free parameters instead
of five) and two linear functions are derived with a connec-
tion/transition at the solar age. Each broken linear fit is
shown associated with the global fit in the same plot (right
panel in Fig. 5, bottom panel in Fig. 7 plus Fig. 9). For in-
stance, Da Silva et al. (2015) applied independent linear fits
of [X/Fe] versus isochrone stellar age for a sample of FGK
dwarfs also considering ages below and above the Sun’s age
(X: C, N, O, Na, Mg, Si, Ca, Ti, V, Mn, Fe, Ni, Cu and Ba).
Whilst [C/Fe] is found to have a tentative correlation
with age for the “young” solar twins, it is correlated
with age for the “old” solar twins, such that the bro-
ken linear fit matches well the overall behaviour of
[C/Fe] based on the global linear fit (Fig. 5). The bro-
ken linear fit exhibits overall effective abundance ratio
dispersion comparable to the dispersion of the global
single fit. We estimate an effective rms of 0.039 dex over
the whole age scale against 0.037 dex of the global fit
(rmseffective≈ sqrt((rms2young twins + rms2old twins)/2)). The
broken linear fit [N/Fe]-age gives a stronger correlation
with age for the “young” solar twins in comparison with
the global fit (slope of +0.041(±0.008) dex.Gyr−1), and
a negative trend for the “old” solar twins (see Fig. 5 and
Tab. 10). However, there is an overall decrease of [N/Fe]
with time from the older solar twins towards the younger
solar twins, like seen in the global single fit. The effective
dispersion of the broken fit over the whole age scale is also
equivalent to the dispersion of the global single fit (overall
rms of 0.067 dex against 0.070 dex of the global fit).
If we could consider our solar twins relations [C,N/Fe]-
age as roughly representative for the local thin disc evolu-
tion, rude estimates for the current [C/Fe] and [N/Fe] ratios
in the local ISM would be respectively -0.11 and -0.13 dex
(as suggested by the global fits’ linear coefficients). In ad-
dition to these estimates, the global fits also suggest that
[C/Fe] and [N/Fe] would be respectively around 0.00 and
-0.02 dex for 8.6 Gyr ago in the local ISM, which is close to
“the formation epoch” of the thin disc. The [C/Fe]-age bro-
ken fit for the solar twins younger and older than the Sun
also provides the same rude estimates for the current and
ancient values of [C/Fe] in the local ISM. In fact, the preci-
sion of absolute values for both abundance ratios estimated
for the past and the present has less statistical significance in
comparison with their overall distribution and variation in
time. At least, we are confident to predict that both [C/Fe]
and [N/Fe] in the local ISM are certainly under-solar nowa-
days as well as they were close to the solar ratios in average
8.6 Gyr ago.
Therefore, [C/Fe] and [N/Fe] have decreased along the
evolution of the Galactic thin disc in the solar neighbour-
hood during nearly 9 Gyr. This is likely due to a higher rel-
ative production of iron in the local disc (by basically SN-Ia
in binary systems) in comparison with the nucleosynthesis
of carbon and nitrogen (by single low-mass/intermediate-
mass AGB stars plus metal-rich massive stars too). Whilst
the carbon-to-iron ratio decreases in time and with the iron
abundance, the nitrogen-to-iron ratio decreases in time but
seems to increase with the iron abundance. Consequently,
it is complicated to reach a conclusive statement about the
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Figure 5. [C/Fe] and [N/Fe] as a function of [Fe/H] and isochrone stellar age for the 55 thin disc solar twins: the global linear fit
is shown in every plot (blue solid line), and the broken linear fit is only presented in the [X/Fe]-age plots (green solid line), splitting
the sample into stars with ages up to the Sun’s age and stars older than the Sun (the break is fixed to the Sun’s age). The red points
represent the seven old α-rich solar twins and the magenta point represents the star rich in s-process elements HIP 064150. These stars
do not take part in the fits as well as the Sun, whose data are also plotted as reference (green symbol). The results of each linear fit are
shown in Table 10.
impact of the ratio AGB-stars/SN-Ia or even the frequency
of isolated stars relative to binary stars, to consistently ex-
plain the lowering of the carbon-to-iron and nitrogen-to-iron
ratios over time.
We have found a few GCE models (Kobayashi et al.
2011; Sahijpal 2013) that partially agree with our esti-
mates for the [C/Fe] and [N/Fe] abundance ratios at the
solar neighbourhood. The GCE models with AGB yields by
Kobayashi et al. (2011) predict [N/Fe] around 0.0 dex for
“the formation epoch” of the thin disc (see Fig. 13 in this
publication considering [Fe/H] = -1.5 dex as the minimum
metallicity for the thin disc stars), predicting a 12C/13C iso-
topic ratio around 80 in the current time (see Figs. 17-19
in this publication). The models case A by Sahijpal (2013)
predict [C/Fe] around -0.1 dex in the current time (see Fig. 5
in this paper), and the grid model #30 of the case A given
by the same work specifically predicts [C/Fe] around the
solar value for “the formation epoch” of the thin disc (also
see Fig. 5 in this publication, assuming an initial [Fe/H] = -
1.5 dex).
Besides these comparisons against theoretical predic-
tions, all the GCE models by Romano et al. (2019) predict an
anti-correlation between [C/Fe] and [Fe/H] around the solar
ratios, like we observe, and three of them show a positive
correlation between [N/Fe] and [Fe/H], as our result. There
are only two models that simultaneously reproduce both ob-
served relations for our solar twins sample, but just roughly
and qualitatively. Like the others, these fiducial models en-
titled MWG-02 and MWG-07 are multi-zone models with
two almost independent infall episodes, a star formation rate
proportional to both star and total surface mass density,
the Kroupa initial mass function (IMF) with a slope x= 1.7
for the range of massive stars, and a specific set of stel-
lar yields for low-mass/intermediate-mass stars, super-AGB
stars (7-9 M) and massive stars (see more details in Ro-
mano et al. (2019)). The particular nucleosynthesis prescrip-
tions of the MWG-02 model is based on the stellar yields of
low-mass/intermediate-mass stars from Karakas (2010), the
stellar yields of massive stars from Nomoto et al. (2013)
with no stellar rotation effects considered, and absence of
contributions by super-AGB stars, hypernovae and novae.
The ingredients of the MWG-07 model are: stellar yields of
low-mass/intermediate-mass stars, super-AGB stars and su-
per solar metallicity stars from Ventura et al. (2013), the
stellar yields of massive stars from Limongi & Chieffi (2018)
with no stellar rotation effects included, and absence of con-
tributions by hypernovae and novae.
Nissen (2015) also obtained a linear correlation of
[C/Fe] as a function of age for a smaller sample of solar
twins, whose slope (0.0139±0.0020 dex.Gyr−1) and intercept
(-0.110±0.011 dex) are very close to our results. Similarly to
Nissen (2015), Da Silva et al. (2015) did an important work,
presenting for 140 FGK dwarfs a series of linear fits of abun-
dance ratios [X/Fe] as a function of [Fe/H] and isochrone
stellar age. Since Da Silva et al. (2015) performed indepen-
dent fits for ages below and above the solar age without
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publishing the slopes, we can just make a qualitative com-
parison. Whilst they found a nearly global positive trend of
[C/Fe] versus age, agreeing with our prediction, their data
suggest an overall negative trend for [N/Fe] as a function
of age, opposite to our global single fit over the whole age
scale, like Sua´rez-Andre´s et al. (2016), who also found nega-
tive trends of [N/Fe] as a function of age for more restricted
samples of solar-type stars with and without known plan-
ets in comparison with Da Silva et al. (2015). On the other
hand, we have found a negative trend of [N/Fe] with age
only for the solar twins older than the Sun.
Very recently, Nissen et al. (2020) have proposed that
the relations between several abundance ratios and stellar
age derived from observations of solar type-stars ([C/Fe]
and [Fe/H] included) might be represented by two distinct
sequences that would be interpreted as evidence of two
episodes of star formation induced by the accretion of gas
onto the Galactic disc. The separation of the two sequences
in the stellar age scale would be around 5-6 Gyr, approach-
ing close to the formation epoch of the Sun (see Figure 3
in their paper showing the age-metallicity relation). This re-
sult would substantiate the fits of [C,N/Fe] as a function of
stellar age for FGK dwarfs younger and older than the Sun
done by Da Silva et al. (2015) and alternatively done in the
current work too, or even of [C,N/Fe] as a function of [Fe/H]
by Da Silva et al. (2015), and [C/Fe] as a function of [Fe/H]
by Sua´rez-Andre´s et al. (2017) for stars with [Fe/H] below
and above zero.
We are able then to qualitatively compare our thin disc
solar twins relation [C/Fe]-age against the results from Nis-
sen et al. (2020) obtained very recently for 72 nearby solar-
type stars with -0.3≤ [Fe/H] ≤+0.3 dex through the anal-
ysis of HARPS spectra. They split their sample into two
distinct stellar populations based on their age-[Fe/H] dis-
tribution: old stars and young stars. Nissen et al. (2020)
found [C/Fe] increasing with the stellar age, like we have
derived too. A linear fit would not be good enough to repro-
duce the whole data distribution of both populations, which
cover ages from 0 up to 11 Gyr. None kind of fit was tried
by them (rather than a linear fit, perhaps, a higher order
polynomial fitt would work for their data distribution). Co-
incidently, they found that [C/Fe] tends to decrease from
about +0.1 dex 10 Gyr ago down to around -0.1 dex now,
such that the carbon-to-iron ratio would be very close to
the solar value nearly to 8.6 Gyr ago, like we observe.
Our relations [C/Fe]-[Fe/H] and [C/Fe]-age derived for
local thin disc solar twins can also be compared with the
very recent carbon abundance measurements obtained for
2133 FGK dwarfs by Franchini et al. (2020) in the Gaia-
ESO Survey. They classified their sample stars as thin and
thick disc members by using independent chemical, kinemat-
ical and orbital criteria. The under-solar anti-correlation of
[C/Fe] versus [Fe/H] found by us qualitatively agrees with
the Franchini et al. (2020)’s relation obtained for thin disc
dwarfs, specially in the cases of the kinematical and orbital
classifications (unfortunately they did not apply any kind of
fit to their data). The overall increase of [C/Fe] as a func-
tion of age found by us is compatible with the Franchini
et al. (2020)’s results for the thin disc stars, which cover
ages from 2 up to 12 Gyr (again, the kinematical and or-
bital classifications provide better agreements). Differently
from our analysis, the variation of the carbon-to-iron ratio
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Figure 6. 12C/13C as a function of [C/Fe] and [N/Fe] for the 55
thin disc solar twins. The same description of Fig. 5 is adopted.
The results of each linear fit are shown in Table 9.
seems to better follow a high-order polynomial function of
age rather than a linear fit. They obtained [C/Fe] increasing
from about -0.12 dex 2 Gyr ago up to near the solar level
12 Gyr ago.
4.2 12C/13C versus [C/Fe], [N/Fe], [Fe/H] and age
Since we have homogeneously measured the abundances of
C, N and the isotopic ratio 12C/13C, we investigate effects
due to some internal mixing process associated with the
CNO cycles that could have changed these photospheric
chemical abundances, perhaps altering their pristine chem-
ical composition. According to the plots of 12C/13C ver-
sus [C/Fe] and [N/Fe] (Fig. 6), the 12C/13C ratio is some-
how correlated with [C/Fe] (slope with a relative error of
25 per cent, i.e. 3.9σ of significance), as expected from some
mixing process connected with a CNO cycle. On the other
hand, the C isotopic ratio is not anti-correlated with [N/Fe],
instead being positively correlated (slope with a relative er-
ror of about 16 per cent), unlike expectations for CNO pro-
cessing. These trends are compatible with no deep internal
mixing in association with products from the CNO cycle.
The linear fit of 12C/13C as a function of metal-
licity (Fig. 7) demonstrates that 12C/13C is positively
well correlated with [Fe/H] for the solar twins sample in
their metallicity range -0.126≤ [Fe/H]≤+0.132 dex (slope
of +56.5±7.2 Gyr−1, i.e. slope with a relative error of just
13 per cent). The isotopic ratio 12C/13C increases from 78.2
up to 92.8 in the interval of metallicity of our sample stars
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Table 9. Slopes, intercepts and rms of the linear fits of 12C/13C versus [C/Fe] and [N/Fe], derived for the 55 thin disc solar twins.
[C/Fe] [N/Fe]
slope intercept rms slope intercept rms
(dex−1) (dex−1)
12C/13C 55±14 86.8±0.8 6.0 50.2±8.2 88.9±0.8 6.3
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Figure 7. 12C/13C as a function of [Fe/H] and age for the 55
thin disc solar twins. The same description of Fig. 5 is adopted.
The results of each linear fit are shown in Table 10.
(a variation of 3 rms of the derived fit). In fact, the sta-
tistical significance of this observational result is basically
on the overall increase of the isotopic ratio as a function of
[Fe/H], putting the absolute extreme values aside. Surpris-
ingly, the GCE models follow an opposite trend with [Fe/H],
something that is worth exploring in further GCE models.
The linear fit of 12C/13C as a function of the isochrone
stellar age (Fig. 7) shows that 12C/13C is marginally cor-
related with age for the solar twins sample (slope of
+0.614±0.250 Gyr−1, i.e. slope with a relative error of
41 per cent, or just 2.5σ of significance). There seems to be a
positive trend between this isotopic ratio and the isochrone
age, presenting overall decrease of 12C/13C from a value of
86.6 (8.6 Gyr ago) down to 81.3 in the current time (a vari-
ation of only 0.8 rms of the derived fit). The broken linear
fit splitting the sample into solar twins younger and older
than the Sun is statistically equivalent to the global single
fit (also see Tab. 10).
The result from the 12C/13C-age relation is very inter-
esting indeed in association with the other derived relation
12C/13C-[Fe/H]. We remind the reader that the fundamental
statistical significance of our result is focused on the nega-
tive trend found between the isotopic ratio and the time
rather than the absolute values of the predictions for the lo-
cal ISM now and 8.6 Gyr ago. The GCE models must prove
or not this observational evolutive trend. Nevertheless, the
decrease of 12C/13C in time would be perharps expected
along the evolution of the Galactic disc due to the delayed
contribution of the low-mass/intermediate-mass AGB stars.
The terrestrial 12C/13C = 89.4±0.2 (Coplen et al. 2002),
as suggested by Asplund et al. (2009) to represent the cur-
rent solar value (and his pristine value too), is in between the
solar photosphere values of 86.8±3.8 by Scott et al. (2006),
91.4±1.3 by Ayres et al. (2013), and 93.5±0.7 by Lyons
et al. (2018). Possible causes for the small apparent discrep-
ancy between the terrestrial and solar ratios are discussed
by Lyons et al. (2018).
Recently, the 12C/13C ratio has been employed by
Adibekyan et al. (2018) as one of the criteria defining so-
lar siblings, meaning stars that formed in the same birth
cluster as the Sun, being thus stars with ages, chemical
compositions and kinematics as the Sun (Ramı´rez et al.
2014b). We recommend that the variation in the 12C/13C
ratio around the solar value should be within 4.5 unities:
84.9≤ 12C/13C≤ 93.9 (i.e. with a 3σ agreement around the
solar value proposed by Asplund et al. (2009) and Coplen
et al. (2002), assuming an average error from the four values
previously listed).
We have found 28 stars in our sample of 55 thin disc
solar twins that could be solar sibling candidates based
on the C isotopic ratio only. However, considering that
solar siblings must have similar ages to the Sun, only
10 stars are left (HIP 025670, HIP 040133, HIP 049756,
HIP 064673, HIP 07585, HIP 079672, HIP 089650,
HIP 095962, HIP 104045 and HIP 117367). We propose
that the age interval for the convergence to the solar age
should vary from 3.36 Gyr up to 5.76 Gyr, i.e. 3σ around
the solar value assuming the typical error in the isochrone
age of our solar twins sample. Furthermore, nevertheless,
the stars must have similar kinematics to the Sun, and
further applying this condition, none solar sibling candidate
remains as solar sibling.
Concerning the comparisons against predictions of the
state-of-the-art GCE models to track the CNO isotopes in
the local ISM by Romano et al. (2017), our results for so-
lar twins, spanning ages between 0.5 up to 8.6 Gyr (around
8 Gyr in time), agree with the predictions of one of their
models, because the 12C/13C ratio appears actually decreas-
ing since 8.6 Gyr up to now (i.e. since 5 Gyr ago until nowa-
days) and this model simultaneously reproduce both the so-
lar and ISM 12C/13C ratios. This model does not include C
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yields from super-AGB stars and does not take the effects
of stellar rotation on the yields of massive stars into ac-
count (Model 1 in Romano et al. (2017) renamed as MWG-
02 in Romano et al. (2019)). Similarly to the Romano et al.
(2019)’s GCE models, it is a multi-zone model with two in-
fall episodes, star formation rate proportional to both star
and total surface mass density, the Kroupa IMF under a
slope x= 1.7 for the range of massive stars, and a set of
stellar yields for low-mass/intermediate-mass stars, super-
AGB stars and massive stars (read details in Romano et al.
(2017)).
Whilst the current C isotopic ratio for the ISM of the
neighbourhood adopted by Romano et al. (2017) is 68±15
(as measured by Milam et al. (2005) as a typical for the local
ratio), we suggest a value of 81.3 (±1.4), such that there is
an agreement within 1σ.
4.3 [C/N], [C/O] and [N/O] versus [Fe/H], [O/H]
and age
We have used our measurements of carbon and nitrogen to-
gether with the oxygen abundances homogeneously derived
by Bedell et al. (2018) for the same solar twins sample, for
computing their [C/N], [C/O] and [N/O] ratios. Regarding
the relations of these abundance ratios as a linear function
of [Fe/H] (shown in Fig. 8), we have found that: (i) [C/N]
is anti-correlated with [Fe/H] (the relative error of the neg-
ative slope is 22 per cent, i.e. 4.6σ of significance level); (ii)
[C/O] is anti-correlated with [Fe/H] (relative error of the
negative slope of about 18 per cent); and (iii) there is a ten-
tative correlation between [N/O] and [Fe/H] (roughly 2σ
significance level). The Sun, when compared against the fits
versus [Fe/H] of the solar twins, seems to be about normal
(within about 1-sigma) in the C/N, C/O and N/O ratios.
In Mele´ndez et al. (2009), the [C,N,O/Fe] ratios are about
the same within the error bars, which is expected consid-
ering that the three elements have low condensation tem-
peratures. In this sense, the C/N, C/O and N/O ratios in
Mele´ndez et al. (2009) are roughly about the same (within
the errors) in the Sun and solar twins, as also found in the
present work.
Due to an existence of a few electronic transitions of
oxygen in the optical range and many Fe I and Fe II lines
in the case of FGK stars, iron is usually used to trace the
stellar metallicity. On the other hand, oxygen is the most
abundant metal in stars, being in fact considered the best
indicator of the metallicity of any star or stellar system.
Therefore, it becomes interesting to compare [C/N], [C/O]
and [N/O] directly with [O/H], also because these abun-
dance ratios measured in the gas phase for other galaxies
are often given as a function of O and, secondly, oxygen has
a simpler nucleosynthetic origin (basically made by massive
stars that die as SN-II) in comparison with iron (both SN-II
and SN-Ia).
[C/N], [C/O] and [N/O] as a function of [O/H] for the
55 thin disc solar twins are also shown in Fig. 8. Regarding
the correspondent linear fits, we have found that: (i) [C/N]
is anti-correlated with [O/H] (the negative slope has 7.9σ of
significance level); (ii) [C/O] is anti-correlated with [O/H]
(negative slope with 8.1σ significance level); and (iii) [N/O]
is correlated with [O/H] (positive slope with 3.9σ signifi-
cance level).
[C/N] and [C/O] present the same behaviour as a func-
tion of both [Fe/H] and [O/H], but while [N/O] is well
correlated with [O/H], it only shows a tentative correla-
tion against [Fe/H]. The Sun seems normal (within about
1-sigma) in the C/N, C/O and N/O ratios.
Making an analogy between the α-elements oxygen and
magnesium (products of the evolution of massive stars), we
can make a qualitative comparison between our relation
[C/O]-[O/H] derived for local thin disc solar twins and the
global relation [C/Mg]-[Mg/H] observed by the GALAH2
optical spectroscopic survey for two distinct Galactic’s disc
stellar populations that embraces 12,381 out of 70,924
GALAH stars (Griffith et al. 2019). Their two stellar groups
are denominated by high-α/low-Ia and low-α/high-Ia (where
Ia means SN-Ia) based on cuts in [Mg/Fe] in the diagram
[Mg/Fe] vs. [Fe/H] (see their Figure 2), corresponding, re-
spectively, to thick and thin disc stars as chemically iden-
tified by others works (e.g. Franchini et al. (2020)). Grif-
fith et al. (2019) found that [C/Mg] is anti-correlated with
[Mg/H] for low-α (thin disc members), although no fit is pro-
vided. [C/Mg] versus [Mg/H] qualitatively shows the same
behaviour of our fit [C/O]-[O/H], albeit their relation seems
steeper.
By “cross-correlating” our observed relations [C/O] and
[N/O] versus [O/H] with the predictions of the GCE mod-
els by Romano et al. (2019), we have found there is no
agreement in the case of the [C/O]-[O/H] relation, ob-
served by us as an anti-correlation, differently from a posi-
tive correlation predicted by some Romano et al. (2019)’s
models covering the chemical composition of solar twins
([C/O] = [O/H] = 0.0(± 0.15) dex). On the other hand, there
is a qualitative agreement of the observed relation [N/O]-
[O/H] for our solar twins sample against some Romano et al.
(2019)’s models, showing that [N/O] is positively correlated
with [O/H] around [N/O] = [O/H] = 0.0(± 0.13) dex. The
Romano et al. (2019)’s MWG-07 model, which roughly and
simultaneously reproduces both observed relations [C,N/Fe]-
[Fe/H] (Subsection 4.1), is not among these models that
show qualitative agreements against the [N/O]-[O/H] ob-
served relation. However, one of them is coincidently the
same model that reproduces our observed relation 12C/13C-
age, which is named as MWG-02 by Romano et al. (2019)
and is equivalent to the Model 1 in Romano et al. (2017).
After inspecting the global linear relations of [C/N],
[C/O] and [N/O] as a function of the isochrone stellar age in
the wide range of ages of the 55 thin disc solar twins (Fig. 9),
we have found that: (i) [C/N] is somehow anti-correlated
with age (the relative error of the negative slope is about
29 per cent, i.e. 3.5σ of significance level); (ii) [C/O] is anti-
correlated with age (a relative error of the negative slope
of about 20 per cent); and (iii) there is no correlation be-
tween [N/O] and age (the relative error of the slope reaches
100 per cent).
Alternatively, we have also derived composed linear fits
of [C/N], [C/O] and [N/O] by splitting the sample into solar
twins younger and older than the Sun (see the parameters
of the broken linear fits in Tab. 10 and the plots in Fig. 9).
The [C/N] and [C/O] ratios are found to be anti-correlated
with the stellar age for the solar twins younger than the
2 GALactic Archaeology with HERMES
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Figure 8. [C/N], [C/O] and [N/O] as a function of [Fe/H] and [O/H] for the 55 thin disc solar twins. The same description of Fig. 5 is
adopted. The results of each linear fit are shown in Table 10 and Table 11.
Table 10. Slopes, intercepts and rms of the global linear fits of [C/Fe], [N/Fe], [C/N], [C/O], [N/O] and 12C/13C versus [Fe/H] and
isochrone stellar age, derived for the 55 thin disc solar twins (first row of each abundance ratio). These parameters are also listed for the
broken linear fits carried out only as a function of age that split the sample into solar twins younger and older than the Sun (respectively
second and third rows of each abundance ratio).
[Fe/H] stellar age
slope intercept rms slope intercept rms
(dex) (dex) (dex.Gyr−1) (dex) (dex)
[C/Fe] -0.056±0.012 -0.039±0.001 0.033 0.013±0.001 -0.107±0.003 0.037
0.007±0.004 -0.093±0.014 0.038
0.022±0.006 -0.160±0.036 0.040
[N/Fe] 0.162±0.057 -0.064±0.003 0.080 0.013±0.002 -0.135±0.010 0.070
0.041±0.008 -0.207±0.031 0.075
-0.015±0.007 0.045±0.059 0.059
[C/N] -0.274±0.059 0.034±0.004 0.056 -0.007±0.002 0.069±0.011 0.054
-0.028±0.006 0.127±0.023 0.052
0.013±0.006 -0.061±0.045 0.046
[C/O] -0.130±0.023 -0.022±0.002 0.026 -0.005±0.001 0.002±0.004 0.025
-0.016±0.003 0.027±0.012 0.018
0.011±0.004 -0.097±0.025 0.027
[N/O] 0.120±0.061 -0.059±0.004 0.050 0.002±0.002 -0.070±0.011 0.050
0.011±0.005 -0.095±0.020 0.057
-0.006±0.005 -0.017±0.039 0.040
(dex−1) (Gyr−1)
12C/13C 56.5±7.2 85.3±0.5 4.7 0.614±0.250 81.3±1.4 6.3
-0.218±0.893 83.9±3.4 6.2
1.248±0.709 77.2±6.2 6.3
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Figure 9. [C/N], [C/O] and [N/O] as a function of the isochrone
age for the 55 thin disc solar twins. The same description of Fig. 5
is adopted. The results of each linear fit are shown in Table 10.
Table 11. Slopes, intercepts and rms of the global linear fits
of [C/N], [C/O], [N/O] versus [O/H], derived for the 55 thin disc
solar twins.
[O/H]
slope intercept rms
(dex) (dex)
[C/N] -0.400±0.051 0.034±0.004 0.046
[C/O] -0.161±0.020 -0.024±0.002 0.025
[N/O] 0.201±0.053 -0.059±0.004 0.045
Sun (slightly more anti-correlated than in the global single
fits), but both ratios show a positive trend with age for the
older solar twins. Curiously, the break point of the [C/N]-
age broken fit matches the solar ratio. [N/O], as shown by
the broken fit for “young” and “old” solar twins, follows the
same overall behaviour of the global single linear fit (i.e. it
is likely constant in time, in fact). The overall dispersion of
every broken fit is comparable to the dispersion of the cor-
respondent global single fit. Notice that dependence of the
[C/N] and [C/O] ratios on age (or temporal evolution of the
thin disc) is enhanced for the “young” solar twins in com-
parison with the overall behaviour derived from the single
linear fit (the slopes are different in 2-sigma). The result for
[C/O] corroborates the rise of [C/Mg] for thin disc young
stars as observed by Franchini et al. (2020), suggesting two
competing scenarios: (i) a delayed contribution from low-
mass stars to explain the carbon abundance in the Galactic
thin disc along the recent times (Marigo et al. 2020), and (ii)
an enhanced mass loss through stellar winds from metal-rich
massive stars that produces an increased C yield at solar and
super-solar metallicities.
On one hand, the Sun, when compared against the fits
versus age of the solar twins, seems about normal (within
about 1-sigma) in the C/N, C/O and N/O ratios. On
the other hand, the C/N ratio in the Sun is placed close
to the bottom end of the solar twins distribution in all
[C/N]-[Fe/H], [C/N]-[O/H] and [C/N]-age planes. The so-
lar C/O ratio is specifically found near to the distribution
high end for the mid-age solar twins only (all [C/O]-[Fe/H],
[C/O]-[O/H] and [C/O]-age distributions), that qualita-
tively agrees well with Bedell et al. (2018), who analysed
the same solar twins sample, as well as with Nissen et al.
(2020) for a solar analogs sample. Particularly, the N/O ra-
tio in the Sun is found to be placed at the high end of the
overall solar twins distribution (1.2 rms in average above
the relations [N/O]-[Fe/H], [N/O]-[O/H] and [N/O]-age of
the solar twins).
Our derived relation [C/O]-age for thin disc solar twins
can be finally and directly compared with the relations
[C/Mg] vs. age and C/O number ratio vs. age by Nissen
& Gustafsson (2018), which compiled data from a set of
different samples of solar twins: Nissen (2015), Nissen et al.
(2017) and Bedell et al. (2018) (the former work handled the
same sample of the current work, but performed their own
C measurements as explained before). While the Nissen &
Gustafsson (2018)’s [C/Mg]-age relation has a large data dis-
persion making hard to assess a temporal analysis, the C/O
ratio appears to decrease toward solar twins younger than
the Sun, differently from what we have observed. However,
the variation of the C/O ratio at a fixed age is comparable
with the abundance dispersion measured by us.
Taking into account the global behaviour of these abun-
dance ratios over the whole age scale, in fact the variations
of [C/N] and [C/O] are both really small along the evolution
of the Galactic thin disc in the solar neighbourhood (only
10-17 per cent), and there is no variation at all for [N/O].
[C/N] in the ISM would have increased from around the so-
lar value 8.6 Gyr ago up to +0.07 dex now, whilst [C/O]
would have increased from -0.04 dex 8.6 Gyr ago up to the
solar ratio now.
The absence of evolution of the N/O ratio in both time
and [Fe/H] in solar twins suggests uniformity in the nitrogen-
oxygen budget for potential giant planet formation around
these stars (note that C/O has or would have small varia-
tions versus age and [Fe/H] respectively, as also derived by
Bedell et al. (2018) and Nissen (2015)).
We are now able to state that along the evolution of the
Galactic local disc, C seems to have been stochastically more
accumulated in the ISM relatively compared with N and O,
since the abundance ratios C/N and C/O increase with time,
although they decrease with both metallicity indicators (Fe
and O abundances) in the limited metallicity coverage of so-
lar twins. As expected, C and N are produced and ejected
by low-mass/intermediate-mass (AGB phase) plus massive
stars (SN-II), and O basically by massive stars only. Even
though the N/O ratio is kept constant along the time, N does
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not necessarily follow O specially because [N/O] is found to
be correlated with [O/H]. Therefore, the N production seems
to have a more relative contribution from massive stars than
carbon, or, in other words, carbon would be relatively more
synthesized by low-mass/intermediate-mass stars than ni-
trogen (as suggested by Franchini et al. (2020) and Marigo
et al. (2020)). However, alternatively, an enhanced mass loss
from metal-rich massive stars could produce an increased C
yield at solar and super-solar metallicities.
5 SUMMARY AND CONCLUSIONS
We have measured C, 12C/13C and N in 63 solar
twins through a self-consistent and homogenous procedure
based on a high-precision spectral synthesis of molecu-
lar lines/features in the blue region (specifically λλ4170-
4400 A˚), being 7 of them old alpha-enhanced solar twins
and 1 having an excess of s-process elements, which were
excluded from further analysis, remaining 55 solar twins for
studying correlations with age and metallicity in the so-
lar neighbourhood. All 55 stars have thin disc kinematics
(Ramı´rez et al. 2012). The carbon abundance has been de-
rived from 12CH A-X lines and the 12C/13C ratio from 13CH-
12CH features of the same electronic system. The nitrogen
abundance has been extracted from 12C14N B-X lines (CN
Violet System), taking into account the measured carbon
abundance and its main isotopic ratio. We provide compre-
hensive lists of these molecular lines and features: twelve
CH A-X lines, six 13CH-12CH A-X features and five CN B-X
lines. The average errors in the C and N abundances are
around 0.006 and 0.03 dex respectively (very similar in both
[X/Fe] and [X/H] scales). Specifically, the error in 12C/13C
changes from 1.9 up to 10.5 (about 4.3 as a mean value).
We could obviously conclude, as expected, that the mea-
sured abundances of C and N as well as the isotopic ra-
tio 12C/13C represent in fact the pristine chemical compo-
sition of every solar twin of our sample, because we have
not found an overall connection among the photospheric
12C/13C, [C/Fe], [N/Fe] and [C/N] that could be an in-
dicative of some internal mixing process associated with the
CNO cycles (for instance, 12C/13C is not correlated with
[12C/14N], being anti-correlated indeed).
We confirm that the Sun is slightly enhanced in the
volatiles C and N relatively to Fe in comparison with solar
twins, like Bedell et al. (2018), Nissen (2015), and Mele´ndez
et al. (2009) have already found for volatiles in general. On
the one hand, the Sun seems to be normal in the 12C/13C,
C/O, C/N and N/O ratios within the errors (about 1-sigma)
in comparison with solar twins. Notice that Mele´ndez et al.
(2009) found comparable (within the errors) C/Fe, N/Fe and
O/Fe ratios in the Sun relative to the solar twins, probably
because the highly volatile elements C, N and O have similar
low condensation temperatures among them. On the other
hand, we have particularly found that the N/O ratio in the
Sun is placed at the high end of the overall solar twins dis-
tribution, the solar C/N ratio just close to the distribution
bottom, and the solar C/O ratio near to the high end for
the distribution of the mid-age solar twins only.
The linear fits of [C/Fe] and [N/Fe], as a function of
[Fe/H] and isochrone stellar age for the analysed solar twins
sample, lay under solar for the whole scale of both [Fe/H]
and age. Whilst [C/Fe] decreases with [Fe/H] in the restrict
metallicity interval of solar twins, we have found a positive
trend between [N/Fe] and [Fe/H]. On the other hand, both
[C/Fe] and [N/Fe] increase with age (or, in other words, both
[C/Fe] and [N/Fe] decrease with time from around the so-
lar ratio value 8.6 Gyr ago down to nearly -0.1 dex now).
Furthermore, the Sun is placed around 1σ in average above
the linear fits [X/Fe]-[Fe/H] and [X/Fe]-age. This indicates
that the Sun is slightly enhanced in both C and N rela-
tive to Fe in comparison with solar twins. For the relations
[C/Fe]-[Fe/H] and [N/Fe]-[Fe/H], our results agree with Da
Silva et al. (2015); Sua´rez-Andre´s et al. (2016, 2017) that in-
vestigated solar-type dwarfs. For the [C/Fe]-[Fe/H] relation,
our results also agree with Nissen (2015), who analysed so-
lar twins like the ones studied in this work. Our under-solar
anti-correlation of [C/Fe] vs. [Fe/H] qualitatively agrees with
the Franchini et al. (2020)’s relation obtained for thin disc
dwarfs (specially in the cases of their kinematical and or-
bital classifications). Regarding the [C/Fe]-age relation, our
results agree with Da Silva et al. (2015); Bedell et al. (2018)
(only this work done for solar twins). Coincidently, Nissen
et al. (2020) found that [C/Fe] tends to decrease from about
+0.1 dex 10 Gyr ago down to around -0.1 dex now, such that
the carbon-to-iron ratio would be very close to the solar
value nearly to 8.6 Gyr ago, like we observe through both
kinds of linear fits (single and broken). The overall increase
of [C/Fe] as a function of age found by us is compatible with
the Franchini et al. (2020)’s results that cover ages from 2
up to 12 Gyr. However, for the [N/Fe]-age relation, our re-
sults do not agree with neither Da Silva et al. (2015) nor
Sua´rez-Andre´s et al. (2016), perhaps because these studies
were not restricted to solar twins.
Our solar twins sample has the advantage, relative to
solar type dwarfs, that a better precision can be obtained
in the solar twins, because systematic errors largely are can-
celed out in a differential analysis, resulting in improved stel-
lar parameters and chemical abundances, and also in more
precise stellar ages relative to the Sun, which is at near the
middle of the age distribution of solar twins.
Comparisons against predictions of inhomogeneous
chemical evolution models for the solar neighbourhood by
Sahijpal (2013) show that our results agree, qualitatively,
for the relations [C/Fe]-[Fe/H] and [N/Fe]-[Fe/H] around
[Fe/H]=0 for all models, because they predict [C/Fe]-[Fe/H]
with negative slope and [N/Fe]-[Fe/H] with positive slope
around the solar metallicity. These results suggest that pos-
sibly C and N have different stochastic nucleosynthetic pro-
ductions during the evolution of the Galaxy’s thin disc.
We have measured the 12C/13C isotopic ratio for solar
twins for the first time, also focusing on the evolutive analy-
sis on those 55 thin disc solar twins. Our measurements are
certainly useful as important constraints for chemical evo-
lution models of the solar neighbourhood, as Romano et al.
(2017) had pointed out. We predict 81.3 (±1.4) for the cur-
rent C isotopic ratio in the ISM of the solar neighbourhood,
which is in agreement within 1σ with the observed value of
68±15 by Milam et al. (2005).
No solar sibling is found in our sample following the
criteria of similar ages, chemical compositions (12C/13C in-
cluded) and kinematics to the Sun (Ramı´rez et al. 2014b;
Adibekyan et al. 2018).
We have found that 12C/13C is positively well corre-
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lated with [Fe/H] in the small metallicity range of solar
twins. This result should be tested against predictions of
robust GCE models for the solar vicinity. Regarding specif-
ically the 12C/13C-age relation, this isotopic ratio seems to
have decreased a little bit in time along the evolution of the
nearby Galaxy’s thin disc. A possible positive trend between
12C/13C and stellar age has been found by us. This is actu-
ally in qualitative agreement with the predictions of a couple
of GCE models (Romano et al. 2017, 2019).
We have obtained linear anti-correlations for [C/N] and
[C/O] as a function of [Fe/H] and [O/H]. For specifically
[N/O], we have found no correlation with [Fe/H], but a pos-
itive correlation with [O/H]. We have derived linear anti-
correlations for [C/N] and [C/O] as a function of age (i.e.
both abundance ratios increase with time), and again there
is no correlation for [N/O]. [C/O] seems to be more anti-
correlated with [Fe/H] and age than [C/N]. In fact, the vari-
ations of [C/N] and [C/O] are both really small along the
evolution of the Galactic thin disc in the solar neighbour-
hood. However, we have found greater increase rates in time
of both [C/N] and [C/O] ratios for the solar twins younger
than the Sun in comparison with the overall single fit.
We have found one common GCE model by Romano
et al. (2017) and Romano et al. (2019) (under different
denominations), which roughly, qualitatively and simulta-
neously predict the relations [C/Fe]-[Fe/H], [N/Fe]-[Fe/H],
12C/13C-age and [N/O]-[O/H] derived in the present work
for a sample of thin disc solar twins. Surprisingly, the
GCE models follow an opposite trend between 12C/13C and
[Fe/H] (we have obtained a direct correlation), something
that is worth exploring in further GCE models. Moreover,
GCE models must also prove or not the observational trend
between 12C/13C and stellar age derived by us for solar
twins.
We can conclude that C does not exactly follow neither
N nor O as a function of [Fe/H] and [O/H] and the time too.
We can also state that carbon and nitrogen likely have had
different nucleosynthetic origins along the Galaxy thin’s disc
evolution. The N production seems to have a more relative
contribution from massive stars than carbon, or, in other
words, carbon would be relatively more synthesized by low-
mass/intermediate-mass stars than nitrogen (as suggested
by Franchini et al. (2020) and Marigo et al. (2020)). Par-
ticularly, we have found an increase in time of both [C/N]
and [C/O] ratios for the solar twins younger than the Sun.
However, an alternative explanation could come from an
enhanced mass loss through stellar winds from metal-rich
massive stars that would increase the C yield at solar and
super-solar metallicities.
The absence of evolution of [N/O] in both [Fe/H] and
time in solar twins suggests uniformity in the nitrogen-
oxygen budget for potential giant planet formation around
these stars, although [N/O] is seen to be correlated with
[O/H]. Our results can contribute to the ‘CNO composition
– planet formation’ connection (mainly linked to the forma-
tion of icy planetesimals, watery super-earths and/or giant
planets, Marboeuf et al. (2014)).
Our results for C, 12C/13C and N in a sample of nearby
solar twins, with well-determined parameters and spanning
a wide range in age, are certainly excellent constraints to
understand the chemical evolution of thin disc in the solar
vicinity, as well as to study the nucleosynthetic origins of C,
N, O and Fe along the Galaxy’s evolution.
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